Biosynthesis of ZnO nanoparticles using Jacaranda mimosifolia flowers extract: Synergistic antibacterial activity and molecular simulated facet specific adsorption studies 
Introduction
Nature acts as a "bio-laboratory" which provides ways and insight into the synthesis of advanced nanomaterials using a biomimetic approach. Synthesis of nanoparticles (NPs) with controlled size and morphology is a challenging part which is highly dependent on the design of the protocols. Different viable methodologies have been designed for the fabrication of NPs with unique size dependent properties. The concept of green chemistry and engineering has provided a guidance for the environmentally synthesis which are not harmful to environment and human health [1] . In the past few years, biotemplates from natural sources like microorganisms and plant extracts have been a source of inspiration for designing complex nanomaterials with high surface area and potent applications in commercial products, biosensors, catalysis, as well as environmental technologies [2] . The biological approach is alternative to the chemical methods being greener, energy saving and cost effective. Regarding the stability, the NPs are innoxious due to coating of biological molecules and hence, they are more biocompatible than the NPs prepared by chemical methods [3] . The biomolecules present in the extract of plants act as stabilizing agents in the formation of NPs [4, 5] .
Among different semiconductors and metal oxides, ZnO is one of the most promising materials because of its unique characteristics which are responsible for novel biological functionalities. In the nanostructure form it has become the focus of attention for research community due to its unique antifungal [6] , antibacterial [7] , antiviral [8] , wound healing [9] , UV filtering properties, high catalytic and photochemical activity, excellent stability, biocompatibility, environmental friendliness and low cost [10, 11] . Therefore, it is crucial to devise tunable synthesis of ZnO NPs with desired morphology and size to further explore their unveiled potentials thereby enabling researchers to manipulate the present material for the fabrication of devices. The literature provides an insight into different approaches for the fabrication of ZnO nanostructures like gas phase methods which include chemical vapour deposition (CVD), physical vapour transport (PVT) and pulsed layer deposition (PLD) [12] . Chemical methods have been found to be cost effective and alternative to gas phase methods. Mechanochemical [13, 14] , solvothermal [15, 16] , sol-gel [17, 18] , precipitation [19] , hydrothermal [20, 21] and microwave methods [22, 23] have been classified under chemical methods. Among these, hydrothermal method is widely used due to green, low cost and low temperature synthesis. This method is modified with the use of capping or templating agents which aid in modifying the shape of NPs by adsorbing on the specific facet of a metal oxide crystal [24] .
In the recent years, different types of plant extracts have been reported to be used as reducing or capping agents in the synthesis of NPs. Some of the examples include the eco-friendly synthesis of ZnO NPs using leaves extract of Pongamia pinnata [25] , Nerium oleander [26] , aloe leaf broth [27] , Solanum nigrum [28] , apple pectin [29] and aqueous extract of Vitex negundo L. [30] . The biomolecules present in the plant extracts act as efficient capping agents thereby playing a pivotal and versatile role in the NPs synthesis. The capping agents appear to stabilize NPs by different mechanisms that include electrostatic stabilization, steric stabilization, stabilization by hydration forces, depletion stabilization and stabilization using van der Waals forces. The stabilization of NPs is important for their functions and different applications [31] .
Flowers are of great aesthetic value and maintain ecological balance in the environment. They are mainly utilized for their beauty as they radiate different colours to the surroundings. They serve the purpose when they bloom but when once wilt they fall off as trash. Jacaranda mimosifolia belongs to Bignoniaceae family and is widely grown in warm parts of the world. It has showy blue or violet flowers and has been found to have antiseptic and antibiotic qualities. Traditionally, the flowers, leaves and barks are used to ease neuralgia and varicose veins and also being scientifically proven to treat leukemia [32] . In the present work, the fallen flowers of Jacaranda mimosifolia plant normally regarded as waste were used for the biosynthesis of ZnO NPs for the first time to the best of our knowledge. ZnO nanostructures have been reported to be effective against the growth of bacteria [33] . Thus, the synthesized ZnO NPs were evaluated for the antibacterial activity against gram positive (Enterococcus faecium) and gram negative (Escherichia coli) bacteria. Generation of reactive oxygen species (ROS) mainly hydroxyl and superoxide radicals resulting in the oxidative stress is found to be the underlying mechanism for the bacterial cell death or static growth. The release of metal ions on interaction with the cellular components contributes to the bioactivity of the NPs [34] . To elucidate the contribution of oleic acid in the formation of ZnO NPs, its adsorption on different facets of ZnO was carried out computationally as the NP shape and size is dependent on the exposure of different facets of a crystal.
Experimental

Chemicals and Reagents
Zinc gluconate hydrate (C 12 H 22 O 14 Zn.xH 2 O, purity 97%), sodium hydroxide (NaOH, purity ≥ 98%) and methanol (CH 3 OH, HPLC grade, ≥99.9%) were purchased from Alfa Aesar, Fluka and Sigma Aldrich, respectively. Phosphate buffered saline (PBS) tablets (pH 7.4) were acquired from Sigma Aldrich. Ultra-pure deionized water from PURITE (18 MΩ) system was used in all the experiments.
Synthesis of ZnO NPs Using the Extract of Jacaranda mimosifolia Flowers
The extract used in the synthesis of ZnO NPs was prepared by dissolving 1.0 g of dried and powdered Jacaranda mimosifolia flowers (collected in Durban, South Africa) in 100 mL deionized water and heating at a constant temperature of 90°C for 1 h on a magnetic stirrer with a hot plate. The extract was filtered and used further in the synthesis. In a typical experiment, to 100 mL of zinc gluconate hydrate (0.1 M), 100 mL of Jacaranda mimosifolia flowers (JMFs) extract and 100 mL of NaOH (0.4 M) was added while stirring the mixture for 15 min. The mixture was then exposed to microwave irradiation for 5 min in a microwave oven (SAMSUNG ME9114W operating at 100% power of 1000 W and frequency of 2.45 GHz). The use of microwave irradiations offers homogenous heating, rapid and facile synthesis. The formation of ZnO NPs was indicated by the milky white precipitate powder which was filtered and subsequently washed with ethanol and deionized water. The final product was dried in an oven at a constant temperature of 60°C for about 3 h. To know the effect of capping agent present in the extract, ZnO NPs were synthesized using 0.1 M zinc gluconate hydrate and 0.4 M NaOH without the use of extract keeping the reaction conditions same.
Materials Characterization
X-ray diffraction study was carried out using a Bruker AXS D8 diffractometer with CuKα radiation (λ = 1.5418 Å) at 40 kV over a 2θ range from 10°to 70°at a scanning rate of 0.05 min To predict the composition of JMFs extract and predominent capping agent, GC-MS analysis of the methanolic extract was carried out. Accurately weighed 1.0 mg of the dried and powdered sample of JMFs was dissolved in methanol and stirred for 30 min followed by filtering through 0.45 μm nylon filter. Finnigan MAT GCQ system with splitless injector mode was employed for the sample analysis. The injector temperature was set at 250°C and 200°C for a ZB-5MS fused silica capillary column with dimensions 30 m × 0.25 mm × 1 μm. The carrier gas was helium with flow rate of 1 mL min −1 and the amount of sample injected was 1 μL. The MS conditions were as follows: full scan in EI mode (50 to 650 amu), transfer line temperature: 270°C and ion source temperature: 200°C. The compounds identified in JMFs extract sample were verified by comparing them to those within the NIST library.
Adsorption Studies Using Molecular Modeling
To understand the role of capping agents present in the JMFs extract, adsorption studies were carried out using adsorption locator and forcite modules in MATERIALS STUDIO 8.0 [35, 36] . The capping agent i.e. oleic acid was sketched in Accelrys Materials Studio software package and geometrically optimized with COMPASS forcefield using forcite module to get the energy minimized structure. Three dimensional (3D) ZnO surfaces (101, 100 and 002) were built by importing the crystal structure of ZnO from the structure library of MATERIALS STUDIO 8.0. The oleic acid molecules were allowed to adsorb on each of the designed ZnO surface by setting up the task to simulated annealing with fine quality where adsorbate was oleic acid with different loading values. The COMPASS forcefield was assigned to charges of atoms with Ewald & group based summation method. The concentration profile of oleic acid molecules on the ZnO surface was obtained by running forcite calculation on the whole system (oleic acid molecules adsorbed on the surface of ZnO).
Bacteriological Toxicity Assessment by Standard Plate Count Method/ Colony Forming Units (CFU) Measurements
The viability of ZnO NPs treated and untreated E. coli cultures were determined by standard plate count method. The Escherichia coli ATCC 25922 and Enterococcus faecium ATCC 35667 cells were grown to O.D of 0.6 at 600 nm (35 ± 1°C, 10 6 CFU mL
), pelletized by centrifugation (4000 ×g for 3 min at 4°C), washed thrice by phosphate buffer saline (PBS, pH = 7.4) and finally suspended into PBS containing varying concentrations (10, 25, 50, 75 , 100 μg mL −1 ) of NPs synthesized using JMFs extract and without JMFs extract. Bacterial culture in Luria Bertani (LB) broth without NPs served as negative control. The cells were grown for 120 min at 35 ± 1°C and were serially diluted in PBS at pH 7. The dilutions were plated on LB agar plates. After overnight incubation at 37°C, the number of CFU was counted manually. All the experiments were conducted in triplicate.
Results and Discussion
ZnO NPs were formed via the simple method of alkali precipitation of zinc gluconate where the compounds present in the JMFs extract reduced the formed Zn(OH) 2 precursors. The schematic synthesis of ZnO NPs is shown in Fig. 1 . The mechanism is explained on the basis that the biomolecules such as fatty acids, phenolic compounds, saponins, alkanoids, flavanoids present in the extract form complexing agents with the precursors which initially starts the process of nucleation forming reverse micelle and then further causing reduction and shaping of NPs [37] [38] [39] . The GC-MS results reveals that 1,6 dimethyldecahydro napthalene, oleic acid and citronellyl propionate are predominantly present in the JMFs extract. Based on the GC-MS, purity and fit values, oleic acid was selected as a reducing and capping agent for the synthesis of ZnO NPs. When zinc gluconate was dissolved in water, colourless solution was formed due to the presence of [Zn(H 2 O) 6 ] 2+ ions. The addition of NaOH produces a white precipitate of ZnO NPs in the core of a micelle. The capping agent acts as a stabilizing agent by adhering onto the surface of NPs forming a protective layer and controlling the particle size [40] . The microwave irradiations act as an efficient, environment friendly and economical heating method for the synthesis of NPs while maximizing the yield. The household microwave ovens also lead to formation of metal and metal oxide NPs with good crystallinity and optical properties [41, 42] .
In the case of synthesis of NPs, the reaction rate and nucleation are dependent on the heating rate. The microwave heating is an alternative source for rapid volumetric heating with shorter reaction time, high reaction rate, selectivity and yield as compared to conventional heating methods. The enhancement in the reaction rate is caused predominantly by the rapid superheating of the solvent by microwaves. The solvent is also found to play an important role in the microwave-assisted synthesis. The more polar the solvent is higher is its ability to couple with microwave energy, leading to the rapid increase in temperature and fast reaction rate. The dielectric heating effect of microwaves is generated due to dipole moment interaction of the molecules and high frequency electromagnetic radiations. Since, water has a high dipole moment; it is a best solvent for the synthesis of NPs using microwaves [43] . As soon as aqueous solution containing zinc gluconate, extract and NaOH were exposed to microwave heating, the reaction completed within 5 min; there was enhancement in the reaction rate and nucleation which was indicated by the milky white precipitate powder leading to the formation of ZnO seeds.
The formation of NPs take place in two steps, nucleation and growth. When the supersaturation stage is achieved, the system enters the growth phase in which there is no formation of additional nuclei but existing clusters grow larger in size. Subsequently, nucleation and growth are influenced by the heating rate, the microwave radiations leads to the formation of large amount of nuclei. Once the nucleation starts, the reaction system enters the growth process and nuclei with small sizes grow rapidly thereby shortening the overall process of formation of NPs. The extract used acts as a capping agent and use of microwave irradiations leads to formation of NPs with smaller size. These seeds assemble together as clusters due to their high surface energy which grow rapidly to form NP aggregates [44] .
The XRD analysis of ZnO NPs synthesized using the JMFs extract exhibited typical diffraction peaks at 32.25°(100), 34 [45] (Fig. 2) . The lattice parameters for the hexagonal unit cell such as d-spacing (d), lattice constants (a, c) and unit cell volume (V) were calculated using the Lattice Geometry Equations [46] and also summarized in Table 1 :
where, h, k and l are miller indices.
The calculated values of c/a ratio for ZnO NPs (Table 1 ) are close to ideal value of 1.633 for ZnO hexagonal cell. The deviation from the ideal wurtzite crystal is probably due to lattice stability and ionicity [47] .
The morphology and size of the ZnO NPs was demonstrated by HRTEM images. The semiconductor band structure of ZnO NPs has been characterized via UV-Visible absorption spectroscopy. Fig. 4 inset shows the UV-Visible spectra of ZnO NPs synthesized with and without JMFs extract showing absorption peaks at 265.91 nm and 278.9 nm, respectively. Therefore to better understand the role of capping agent in the JMFs extract, the optical band gap for the ZnO NPs was calculated using the expression proposed by Tauc, Davis and Mott [48] ,
where, h is Planck's constant, ν is frequency of vibration, α is absorption coefficient, Eg is band gap, A is proportionality constant and n denotes the nature of sample transition. The respective direct band gaps were found to be 4.07 eV and 3.74 eV for ZnO NPs synthesized with and without JMFs extract, probably due to quantum confinement (Fig. 4) . With the decrease of the particle size, there is an increase in the energy gap of electronic transitions [49] i.e., as the system becomes more confined, the energy separation between adjacent levels increases and also discrete energy levels arises at the band edges [50] . The FTIR was employed to further probe the role of biomolecules present in the JMFs extract for the formation of ZnO NPs. As shown in Fig. 5 , the FTIR spectrum of JMFs extract exhibits broad peak at 3373. 12 , respectively confirming the formation of ZnO NPs [51] . There was also a significant disappearance of peaks corresponding to that of extract in the spectra of ZnO NPs. The weak peak around 1445.85 cm − 1 was broadened as seen in the spectra of NPs which could be attributed to C\ \H bending in methanol since the samples were prepared in methanol. From the literature reports on the synthesis of metal oxide NPs with plant extract [52] [53] [54] , it is evident that biomolecules play a pivotal role in the reduction of metal oxide salts and stabilization of NPs, but very few identify the biomolecules involved in the process of formation of NPs. In this regard, GC-MS analysis of methanolic extract of JMFs was carried out to identify the biomolecules present in the extract and to understand their impact on the morphology and size of NPs. Fig. 6 illustrates the GC-MS chromatogram of the methanolic extract of the JMFs where different components were identified. In the retention time ranging from 15:03 to 20:03 min where the high intensity peaks were present, the elution order was 1, 6 dimethyldecahydronapthalene, oleic acid and citronellyl propionate. On the basis of purity fit, oleic acid was found to be the most significant capping agent molecule. Therefore, facet-specific binding adsorption studies were carried out to comprehend its role as a capping agent which has been explained in the subsequent section.
Adsorption of Oleic Acid on the Surface of ZnO NPs
Apart from many studies which focus on the quantum confinement effect of quantum dots such as ZnO NPs, the surface chemistry is very significant in order to understand the physical and chemical properties of NPs. Consequently, the selective interaction of ZnO NPs with capping agents such as oleic acid is critically vital to enhance biocompatibility and viability, making these nanomaterials a suitable candidate in applications involving biological studies. In this paper, we therefore, employed molecular dynamics to demonstrate that physical and chemical properties of ZnO nanocrystal is induced by surface chemistry which preferably lead to isotropic and anisotropic nanomaterials. The role of capping agent in defining the size and shape was studied by simulating three crystal lattice parameters as shown in Fig. 7 . It was demonstrated that ZnO NPs have varied shape evolution and potentially different facets which lead to facet-driven growth of ZnO to different shapes, thereby fine-tuning their optical properties. For many studies, facets such as (111) and (101) are highly studied because of their potential to drive preferential growth of nanomaterial which is the main contributor of their varied optical properties [55] . In order to simulate the variation of the reaction parameters, three facets, (002), (100) and (101), were studied. It was demonstrated that as the concentration of oleic acid was increased, the strength of adsorption favoured the (101) facet. The preferential passivation of (101) facet was evident from concentration profile shown in Fig. 8C . In these Fig. 8 (A, B and C), it can be seen that the average distance of oleic acid on the surface of ZnO cluster were located within the distance of an average of 1.4 Å as compared to other facets on which the oleic molecules were located on the varying distance of 4 and 9 Å for (100) and (002) facets, respectively. These results confirmed previous study which indicated that the presence of oleic acid could drive the preferential growth of zinc oxide nanomaterials to nanorods array and other structures [56] . The most favoured model from Fig. 7 was obtained by further calculating the interaction energy of each model. The interaction (E interaction ) was calculated as follows:
E complex is the energy of the surface and oleic acid, E ligand is the energy of the oleic acid and E surface is the energy of the surface (ZnO-100, ZnO-002 and ZnO-101) without ligands. The negative E interaction values indicate an attractive or strong oleic acid to ZnO interactions. The interaction energies of models depicted in Fig. 7 were calculated using Eq. (4) as presented in Table 2 .
The interaction energies in Table 2 reveals the trend, ZnO-101 N ZnO-002 N ZnO-100. The high interaction for ZnO-101 symbolizes that oleic acid binds stronger on ZnO-101 surface than the other surfaces. Although, the interaction gives the general picture of the interaction of oleic acid with ZnO surface, this trend does not eliminate the fact that all surfaces can potentially interact with oleic acid but to the lesser extent than the 101-surface. This is merely an indication that more oleic 
Antibacterial Activity of Synthesized ZnO NPs
Antibacterial property of ZnO NPs was analyzed by treating bacterial culture (gram negative and gram positive) with varying concentration ) and viability was assessed by standard plate count method. It was observed that as the concentration of ZnO NPs increased, colony forming units (CFU) count of gram negative (Escherichia coli) and gram positive (Enterococcus faecium) bacterial cultures decreased in the standard plate count method. ZnO NPs prepared using JMFs extract and without JMFs extract exhibited antibacterial property as evident from the present results (Fig. 9A-B) . The viability of E.coli and E. faecium was assessed in the presence of different concentrations of NPs (10-100 μg mL
−1
). The percent viability of the ZnO NPs exhibited stronger antibacterial activity against gram positive E. faecium than against gram negative E. coli. The results reported were in concurrence with previously published reports showing the antibacterial activity of ZnO NPs [58] . The important reason could be the difference in the cell wall structure of gram positive and gram negative bacteria. The cell wall of gram positive bacteria is normally composed of peptidoglycan which forms 80% of the cell wall. The remaining 10-20% of the cell wall is composed of teichoic acids, other proteins and lipopolysaccharides which is outer membrane. In the case of gram negative bacteria, peptidoglycan forms 10% of the cell wall but the outer membrane is composed of 50% lipopolysaccharides, 35% phospholipids and 15% lipoproteins. Thus, outer membrane in gram negative bacteria is tightly packed, hence, providing protection and sensitivity to antibacterial agents [59] . Moreover, the antibacterial activity depends on the size of NPs and also infectivity and sensitivity of different strains vary [60] . Therefore, ZnO NPs synthesized using the extract of JMFs were in the range of 2-4 nm size as compared to NPs fabricated in the absence of JMFs extract (8-11 nm) and the E. faecium ATCC 35667 strain has been reported to be more pathogenic than E. coli ATCC 25922.
E.coli and E. faecium when treated with 100 μg mL −1 concentration of ZnO NPs synthesized without extract were found to be 59% and 51% viable (Fig. 9B ) whereas the percent viability was 48% and 43%, respectively for the NPs synthesized using JMFs extract (Fig. 9A) . The results indicated that the antimicrobial property of JMFs extract mediated synthesized ZnO NPs was higher than that of the NPs synthesized without JMFs extract at higher concentrations ( Fig. 9A-B) . Furthermore, there was statistically significant difference in cell viability at 100 μg mL −1 in E.coli and E. faecium when treated with ZnO NPs using extract (p = 0.0448). Similar trend was observed for concentrations 75, 50, and 25 μg mL −1 of NPs.
Conclusions
The results presented in the present work demonstrate the biosynthesis of ZnO NPs with a narrow size range of 2-4 nm using the extract of JMFs. The major finding was the presence of oleic acid as a capping agent in the synthesis of ZnO NPs, identified by GC-MS and FTIR. The peaks corresponding to the oleic acid and ZnO NPs were well depicted in the FTIR spectra as well. The capping agent, oelic acid was found to stabilize the resulting NPs. Furthermore, the other identified molecules like 1,6 dimethyldecahydronapthalene and citronellyl propionate could also function as capping agents. The second major finding is the facet specific binding of the oleic acid molecule on to the different surfaces of the ZnO. It was established on the basis of interaction energy and concentration profile that oleic acid preferred to adsorb on to (101) facet of ZnO as compared to the other (002) and (100) facets. This would lead to the understanding of the selective adsorption of molecules on to the surface of different NPs thereby driving into the formation with varied shapes and sizes.
The oleic acid stabilized ZnO NPs showed fairly good antibacterial activity against both gram negative E. coli and gram positive E. faecium bacteria. The antibacterial activity was pronounced in the case of gram positive bacteria (E. faecium) as the NPs could penetrate easily through the outer membrane due to the less compact nature as compared to that of gram negative bacteria. The synthesis reported here is reproducible in short time, cost effective and environmentally safe as it makes use of extract from the fallen waste JMFs for the first time.
